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An extensive investigation of the cooling characteristics of a 
multicylinder, liquid-cooled aircraft engine of 171O-cubic-inch dis- 
placement was conducted at the NACA Cleveland laboratory. The 
results of this investigation are presented shoving the variation 
of the cylinder-head temperature and the coolant heat rejection 
with the pertinent engine and coolant veriables. The data, which 
were obtained on five engines, are presented for power outputs up 
to 1860 brake horsepower, coolant flows from 50 to 320 gallons per 
minute, and wide ranges of engine speed, manifold pressure, fuel- 
air ratio, inlet-air temperature, ignition timing, exhaust pressure, 
and coolant composition, temperature, end pressure. The renges of 
variables included operation into the boiling range of the coolant 
for which various phenomena ere described. 

INTRODUCTION 

The cooling characteristics of reciprocating aircraft engines 
are an important factor for satisfactory performance at extreme 
conditions of operation. A considerable amount of data on the 
cooling characteristics of various air-cooled engines has been 
published by various investigators but little data have been 
published on the cooling characteristics of liquid-cooled engines. 

An extensive investigation aP the cooling cheracteristics cf 
liquid-cooled engines was therefore instituted at the NACA Cleve- 
land laboratory in 1943. The initial phase of this investigation 
consisted of a series of tests conducted on a single-cylinder 
engine to provide data for a fundamental study of the heat-transfer 
processes involved. These data, which isolate the effects of the 
various engine and coolant variables on the cylinder-head tempera- 
tures, are presented in reference 1. In reference 2, an analysis 
based on the theory of nonboiling forced-convection heat transfer 
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was made af the cooling processes in a liquid-cooled engine and a 
semIempirical method of correlating the cylinder-head temperatures 
with the primary engine and coolant variables, similsr to that pre- 
sented in reference 3 for air-cooled enginee, was derived and suc- 
cessfully applied to the data of reference 1. 

Following the investigations on the single-cylinder engine, a 
comprehensive investigation of the cooling chsracteristics of a 
multicylinder engine of 1710-cubic-inch displacement was conducted 
during the period 1944-46. Both the cylinder-head taperatures and 
the coolant heat rejection were determined for parer outpute up to 
1860 brake horsepower overtide ranges of engine speed, mold 
gmssure, fuel-air ratio, inlet-air tgnperature, ignition timing, 
exhaust pressure, and coolant flow, composition, taperature, and 
pressure. 

APPARATUS 

The investigation was conducted on five V-1710 engines, which 
shall be desfgnated hereinafter engines A, B, C, D, and L. All 
engines were standard productionmodels of the same design with 
regard to cooling and were unmodified except for the follawing: 

1. Engine B was fitted xith an aPtercooler*for part cd the 
investigation. 

2. Enginea C, D, and L were equipped with pistons machined 
0.005 inch under standard diameter. 

3. Engine D was equipped with a variable ignition-timing 
device for part of the investfgation. 

These engines are liquid-cooled and have six cylinders In 
each of twobanks. The cylinder bore and stroke are 5.5 end 
6.0 inches, respectively, and the displacement of the engines is 
1710 cubic inches. The engine models used in the investigation 
have a ccznpression ratio at' 6.65 and are fitted with a single- 
stage gear-driven eupercharger having an impeller diameter of 
9.5 Inches and a supercharger-to-en&ne-speed ratio of 9.6. The 
standard ignition system is tlmed to fire the intake spark plugs 

. at 28' B.T.C. and the e&au& spark plugs at 34O B.T.C. The valve 
overlap extends over a period of time equivalent to 74O travel of 
the crankshaft. Each engine was equfpped with an air-blast tube 
to cool the exhaust spark plugs. 
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General Engine Setup 

A plan view of the engine setup is shown in figure 1. 

Power measurement. -TheenginewasmountedonaQnemcmeter 
stand equipped with a 2COO-horsepower air-gap eddy-current asnSpnan- 
eter. The engine speed m electronically controlled snd was 
measured on a chronometric tachaaaeter. A calibrated air-balanced 
diaphragm measured the torque tranFrmitted to the dynemc#neter. 

Combustion-air system. - Combustion air was supplied tc the 
engine by the laboratory central system and was metered with an air 
orifice, which was installed in the inlet-air ducting according to 
A.S.M.E. specifications. The temperature of the air was controlled 
by passing it through either a heater or refrigeration unit and the 
air was cleaned by passing it through a filter. Thermocouples and 
pressure taps were installed at the orifice and at the carburetor 
inlet for measuring the temperature end the pressure a9 the air at 
these locations. 

maust system. - The engine exhaust gases were removed by 
means of the laboratory central exhaust system, which also provided 
the desired &au& pressures. Water-jacketed exhaust stack were 
used for all of the tests except those in which the exhaust pres- 
sure was varied. The stacks and collector used for the variable- 
exhaust-pressure runswere of the type usedwithaturbcsupercharger 
installation on a typical fighter plane. 

Coolant system. - A diagrammatic sketch of the coolant system 
is shown in figure 2(a). An auxilisry pump installed in the main 
coolant line and used in con$uxtion with bypass and throttle 
valves permitted control of the coolant flow independent 09 the 
engine speed. Aventuriwas usedtomeasurethe flow. Avalve 
wa8 located downstream of the venturi to raise the pressure in the 
venturi throat sufficiently tc prevent cavitation during operatioa 
at high coolant flows and luw coolant pressures. Acompressedair 
and bleed-line combination connected to the coolant ~-lion tank 
was used to obtain desired engine coolant-outlet pressures. Vapor 
separators were installed in the engine coolant-outlet lines to 
remove air or any vapor that resulted froan boiling of the coolent. 
In order to permit observation of the coolant condition, sight 
glasses were installedinthe engine coolant-outletventlines end 
the vapor-separator vent lines. 

The coolant temperature-control unit consisted of two aircraft- 
type coolers with a bypass line around thePn and a thermostatically 
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operated mlxlng valve installed at the junction of the main and 
bypass lines. Water was used ss the cooling medium and the flow 
wasmeasured~thcalibratgarotamete~. 

=-TF= - 4 diagrsmmatsc sketch of the oil. system is shown 
fnfQure2b. The oil flow to the engine was meanred bymeans 
of an oil-weighing device incorporated in the oil-supply tank, as 
described in reference 4. The oil tefnperature-control unit was 
similsr to that used in the coolant system. 

Coolants, fuel, and oil. - The coo&ants used were AN-B-2 eth- 
ylene glycol, lOO-percent water, and mUtures of 30-, 50-, and 
70-percent by volume of ethylene glycol in water. The epecffica- 
tion cxf AN-E-2 ethylene glycol on a weight basis is 94.5-percent 
ethylene glyool, 2.5~percent triethanolamine phosphate, and 
3.0-percent water. For convenience, AN-E-2 ethylene glycol till 
be referred to as a "ncpninal" (by volume) mixture af 97-percent 
ethylene glycol and 3-percent water. a order to inhibit cor- 
rosion, 0.2 percent by volume of NaMBT (sodium mercaptobenzo- 
thiazole) was added to all coolant mixtures. 

For all runs, m-F-28, Amendment-2, fuel was used and was 
metered by calibrated rotsmeters. For knock-free engine operatfon 
at high mr, 3 percent by volume of xylidines was added and the 
tetraethyl lead concentration was increased to 6 milliliters per 
gallon. 

The lubricating oil used throughout the tests was Navy 1120. 

Ii&zumentation 

Thermocouples for measuring engine temperatures. - The 
cylinder-head thermocouple installation is shown in fives 3 
and 4. Thermocouples were installed in the cylinder head between 
the exhaust va.lves for aILl engines, In the cylinder head between 
the intake valves for all of the engines except engine B, in the 
cylinder head at the @auf& spark-plug boss for all cf the engines 
except engines B snd E, snd cn the exhaust-valve guide, the exhaust 
spark-plug gasket, and the intake spark-plug gssket for engine A 
only. Severed methods were employed to form the hot junctions of 
the thermocouples located inside the cylinder head. The most 
satisfactory method was to silver-solder the two lea& of the 
thermocouple to a emall b plug; the plug was then peened ato 
a number 56 drilled hole inch deep located at the bottom of a 
i-inch drilled hole. The leads were packed in place in the &inch 
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hole with porcelain cement and wme covered on the outside of the 
engine with &inch thin-wall stainless-steel tubing to prevent 
breakage. The thermocouple holes were located with drill jigs in 
each cylinder head and in each engine. 

Cylinder-barrel thermocouples were installed on engine A, as 
shown in figure 5. Thermocouples were located at the top af each 
cylinder barrel on the intake and exhaust sides, and at the middle 
of each barrel on the exhaust side. In addition, cylinders 1 and 6 
af both banks had the rmocouples located at the bottom of the barrel 
on both the intake and exhaust sides. For all locations, the hot 
junction of each thermocouple was made by spot-welding the wires to 
the barrel. The hot junction was then covered with an insulating 
varnish, which was baked dry. The leads were insulated from the 
barrel by means of a flexible glass sleeve and securely staked at 
intervals by short pieces crP Nichrcune #Ire spot-welded to the 
barrel. The leads were gathered together and brought out through 
pressure-tight fittings screwed into the cylinder on the intake 
side, as shown in figure 4. 

All thermocouples ueed for cylinder-temperature measurerments 
were made of 24-gage iron-con&a&en w%re and were connected to 
self-balancing direct-reading potentiometers. 

Thermocouples for measuring liquid temperatures. - The tempera- 
tures of the coolant, the oil, and the cooling water were measured 
at the locations aho% in figure 2 by both copper-constantan and 
iron-constentan thermocouples. The copper-constanten thermocouples 
were connected to a portable precis%on-type potentiometer equipped 
with a sensitive light-beam galvancmeter and gave an accurate 
measurement of the temperature dtiferences across the engine and 
the coolers. The iron-constantan thermocouples were connected to 
a self-balancing direct-reading potentiometer and gave 811 Immediate 
indication of the taperature. 

Pressure taps. - Pressure taps yere installed in the coolant 
and oil systems at the locations shown in figure 2. In order to 
determine the coolant-flow dietribution through the engine, pres- 
sure taps were also installed across the standard coolant-metering 
orifices in the cylinder jacket (figs. 6 and 7). These coolent- 
metering orifices were calibrated in a bench setup. 
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PPOCEDUREANDMEl!HODS 

Conditions 

Cylinder temperatures and coolant heat reJections were deter- 
mined over the follawing rang8 of conditions : 

mgine speed, rpn . . . . . . . . . . 
Manifold wessure, in. Hg absolute . 
Bgine power, bhp . . . . . . . . . . 
Charge flow (air plus fuel), lb/set . 
Fuel-air ratio . . . . . . . . . . . 
Carburetor-airtsm~rature, q . . . 
Ignition timing, deg B.T.C. 

......... 1200 - 3200 

......... 21.0 - 73.0 

......... 275 '- 1860 

......... 0.73 - 4.40 

........ 0.062 - 0.118 

.......... -43 - 184 

Intakesparkplugs . . . . . . . . . ..*....... 8 - 48 
Exbaustspsrkplugs . . . . . . . . . . . . . . . . . . . 14 - 54 

E&au& pressure, in. Hg absolute . . . . . . . . . . . 6.0 - 61.0 
CoolsIltflow, gal/tin. . . . . . . . . . . . . . . . . . 50 - 320 
Average coolant tsnnperature, oF . . . . . . . 
Engine coolant-outlet pressure, lb/q i&&e*:. . . . 

149 - 302 
. 10 - 45 

Data were obtained for ooolents o-posed of loo-percent water and 
mixtures of 30, 50, 70, and 97 percent by volume of ethylene glyool 
in water. 

In order to isolate the effect of the engine and coolant 
variables on the oylinaer temperatures and coolant heat rejection, 
one Crp these parameters was varied in each test while, in general, 
all the others were maintained constant. A complete summary cf the 
oonditions of the investigation-is presented in table I, and all of 
the pertinent conditions for each test except i&tion Mming, 
exhaust pressure, and oil-inlet temperature are also given Ln the 
legend aP eaoh figure. These three items are mitted frcm the 
figures because they were constant (see table I for values) for 
all of the tests, exoept those fn whfch they were the primary 
variable. 

The charge flow (aZr plus fuel) rather than the brake horse- 
power was held constant for most of the tests ti which one of the 
other parameters was vsried. For the variable engine-speed snd 
variable exhaust-pressure tests, the charge flow was maintained 
constant by VW the manifold pressure accordingly. For the 
variable charge-flow runs, two methods were employed to vary the 
charge flow: (1) the engine speed was held constant while the 
manifold pressure was varied, and (2) the manifold pressure was 
held ccnstsnt while the engine speed was varied. 

co 
a W 
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. 
!i!he coolant flow was varied at several engine powers fcxr 

8everal ccmibinations a!? ooolanttemperature,pressure,and coqposi- 
tion. The higllrBBt ooolantflowattafnable in eachcasewaslimited 
either by the cavitatiaa ch9racterlstics of the ptmrps at low cool- 
ant pressure apT the capacities of the pumps at high coolant pres- 

The lowest coolant flow attain&& was limited by severe 
bzngof the ooolantinthe engine. ~ingw~+he esPe of 
teats canbucted, either the average or the outlet ooolant teqpera- 
turewaeheldconstant. 

The ethylene-&co1 conoenization of the coolant was deter- 
minedfromtheboilingpointand the specific gratityof saarples 
taken at M%rvals throughout the investigation. 

calculations 

Teqperatureaverages. - Theavamge cyllkler teqperaturefor 
each thermocouple location was determined by averaging the tempera- 
tures measured at that looatlon In all 12 oylinders. 'ilhe average 
coolanttsstgeraturewas takenas thearithwticmeanof themeas- 
ured inlet and, outlet temperatures ti each case. 

Heat rejected to the coolant. - The heat rejected to the oool- 
ant ~838 aetgmnid h two methods: (1) from the msasured tempera- 
tureriseesdflowof the coolantt&&hthe eqinesnd (2)Frcan 
the measured temperature rise and flow of the cooling water. The 
heat rejected to the coolast Is presented on the basis of methcd 2 
because at the low coolant flows, when large amounts of vapor were 
fcmed,method1wouldnotlnclude the heat of vaporizationandat 
the high coolant flows d.%fficulty was experienced in accurately 
measuringthe smalltempemabrerise incurredintihegassingof 
the ooolant thraugh the engine. The erternsJ. heat losses from the 
coolant piping were estimated to be about 2 percent of the heat 
rejected and the heat rejections calculated on the basis of 
method 2 are correoted for these losses. 

Relations between Cylinder Teqeratures 

Therelationbetweentheaverage tmperature of the 3.2 oyl- 
imbrs in the cylinder head between the exhaust valves and the 
temperature of the hottest cylinder (mximxn tsqperature) measured 
far the samelocationis showninfigure 8. All the data obwnsd 
on the five engines fcrr the various operating conditions 
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fnvestl~tedarepresented,and the scatterlewlthlntiO°F. A 
linear variation is noted for the entire range of 

9 
eratwes 

measuredwiththenmxlmum tamperaturerangingfrcm10 to20°F 
higher than the average teqperature. 

9.be variatmn of tne average temperatures for the vfxrioue 
locations in the cylinders with the average oylinder-head tempera- 
ture between the exhaust valves is shown in figures 9 to 16 for 
all the dataatthevarious operating conditions. Allnearrela- 
tion exists in each figure and the mean matter of the data is 
about so F. Theaverage teqperatureatthe veziouslo0atlonsin 
the cylhderarelower than t&e temperature between the exhaust 
valvesby thefollowlngsmounts: - 

Dxation 

Between intake valves 
Erhaust spark-plug boss 

Intake spark-plug gasket 
Exhaust valve guide 
Middle of barrel, exhaust side 
Top of barrel, Intake side 
Top of barrel, exhaust side 

Smperature 
dlfferenoe 

VW 

F'igure 

60 to ll0 9 
50 to 75 10 

uo tol.55 ll 
145 to180 12 
145 to 170 13 
170 to 210 14 
I.50 to 170 I.5 
160 to 190 16 

Because of the linear relation existing between the tqpemtures 
in the various locations in the cylinders, the variation of only 
one of them with the pert-t engine and ooolant variables Is 
Presented. The average cylinder-head temperature between the 
exhaust valves was ahosen for this purpose because it use was- 
ured in the hottest region of the aylinder head and thus is most 
indicative of critical oooling cmdltiorm. 

Effect of Engine Variables on Average Cylllaer-Head 

CPeqerature between Exhaust Valvee 

chargeflowandengl P - 5 effect of charge flow on 
the average cylinaer-headm~&e between the exhaust m&es 
is presented in figure 17 far two fuel-air ratios, a range of 
carburetor-air temperatures, and for both variable-speed and 
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variable-manifold-pressure data. Althougha stzaightlinelaaybe 
drawn through all the data for each fuel-air ratio, a cloee inspec- 
tion shows that the cylinder-head temperature for the variable- 
speed data increases slLghtly faster than for the variable-mazxLfold- 
pressure date, for the same change in ohsrge flow. The more rapid 
increase of the cylinder-head temperature with engine speed is a 
result of an attendant tirease in the inlet-manifold temperature 
caused by an increase in the temperature rise across the super- 
charger. The straight lines, which represent all the data, show 
an incr8ase in average cylinder-head merature with charge flow 
of about 50' F per pound per second increase in charge flow. 

Inordertopemitadeternxlnationof the variationof the 
cylinder-head-tmnperature data of figure 17 with engine p-owert the 
variation of engine power with charge flow Is presented in figure 18 
for engine speeds of 2600, 3000, and 3200 rpm. For each engine 
speed presented, the engine power increased linearly with charge 
flow and an increase in engine power of 100 brake horsepower 
resulted in approximtely a 10' F inorsase In head Wqerature. 

Carburetor-air temperature. - The effect of carburetor-air 
tempmature on the average cylinder-head tsmperature between the 
ekhaust valves is presented in figure 19 far four values of charge 
flow. For ti charge flows presented, the inorea8e in the average 
cylinder-head teqeraturevithcarburetor-air temperaturewas 
linear and amounted to about 3O F for an Lnorease of 100° F in 
carburetor-air temperature. 

Bgine speed. - The vsxiation of the average cylilder-head 
temperature between the e-x&t valves with engine apeed is pre- 
sented in figure 20 for several conibinatlons of chszge flow and 
oarburetor-air temperature. For these tests, the ohargeflowwas 
maintained canatantbyParylngGhe~'oldpreseureae the engine 
speed wae varied. 

The increaseinthe average cylinder-head temperature with 
engine speed was linear for each conibinatlon of charge flow and 
cszburetor-air temperature, and the maximm increase amounted to 
about 8O F for an incmase in engine speed of loo0 rpm. As was 
previously indicated, this variation of average cylinder-head 
temperature with engine speed is attributed to the increaee in 
manifold teqerature causedbyaninorease inthe temperature 
rise across the supercharger with engine speed. 

PLzel-air ratio. - 5 effect of fuel-air ratio on the average 
cylinder-head tqrature between the eaust valves ia presented 
in figure 21 for several engine operating conditions. The &apes 
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ofthecumesaresimilar,withanrnrtrmrm cylinder-head ~erature 
occurring at a fuel-air ratio of 0.067. This value of fuel-air 
ratio is approximately equal to that for the stoichimetric mixture. 
Fm an increase in fuel-air ratio from 0.067 to O.ll.8, the average 
cylinder-head temperature decreased approxinmtely 65' F for each 
engine operat$.ug condftion. 

??eE 
ng - The variation of the average cylinder-head . 

ihe exhaust valves with i&tion timfug for 
two values of engine speed is showu in figure 22. A minimum point 
in the variatiou occurred for an iguition setting correspouding to 
an exhaust spark-plug timing of about 30° B.T.C. at an engine 
speed of 2600 rpm and. about 34O B.T.C. at au engine speed of 
3000 rp. The maximum rate of increase in the average cylinder- 
head temperature with advanced spark timing occurred atan engine 
speed of 3000 v aM amounted to about 20° F for an advance in 
the exhaust -k-plug timing from the minimum point (34O B.T.C.) 
to 52O B.T.C. 

Ezhaust pressure. - The variation of the average cylinder-head 
temperature with exhaust pressure for the condition where the 
charge flow was held constant by varying the manifold pressure is 
presented in figure 23(a) fen. several fuel-air ratio and power 
conditions. For each condition, the increase in cylinder-head 
tamperaturewithexhaustpressure is linearand is slightly 
greater at the lowest fuel-air ratio. For au increase in exheLust 
pressure of 40 inches of mercury, the increase in the average 
cylinder-head temperature ranged from about 23O B for a fuel-air 
ratio of 0.100 to about 32' F for a fuel-air ratio of 0.063. 

The results obtained when the manifold pressure was main- 
tained constant tith attendant variation in charge'flow are pre- 
sented in figure 23(b). For this cmdition the chauge in the 
average cylinder-head temperature between the exhaust valves with 
exhaust pressure was negligible over the entire rauge of exhaust 
pressures investigated. This negligible change is due to the 
fact that the previously determined effect of the increased 
erhaust pressure was offset by the effect of the corresponding 
decrease in charge flow. 

Variation of cylinder-head temperatures 'Kithengine running 
time. - The variaticm of the avenge cylinder-head temperature 
with engfne running time for several thermocouple locations is 
shown in figure 24. The data presented were obtained at a refer- 
ence operating condition from time to time during the course of 
the Investigation on engine D. The coolant used for this refer- 
ence operating condition was composed of 3O-percent ethylene 
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glyeol and 'IO-percent water. coolants of various oanpositions were 
used, hwevm, between the runs at the refermoe operating condl- 
twxl. Foranincrease inenginerunnLngtlmefromapprcximately 
20 to 150 hours, the average cylinder-head temperature between the 
exhaust valves inoreased about 20° F, at the exhaust spark-plug 
boss lnoreased about 6OF, aud between the intake valves showed no 
0-e. A leveling off of the cylinder-head temperertures in the 
ox&met side of the cylinder head after about 100 hours running 
time ie noted. A close .inspection of the coolant passages of a 
scrapped oylInder blook revealed soale deposits on the exhaust side 
of the cyUrder head but mme 011 the intake side. The increase of 
the temperatures in the exhaust side of the cylinder head is attri- 
buted to these scale deposits. The greater Imrease with engine 
mznnlng time of the cylinder-head temperature between the e&aust 
valves a6 ccmpared with that at the spark-plug boss is probably the 
result of a greater amount of scale fmmtion in the hotter region 
of the cylinder head. The leveling off of the erhauet-side tern-- 
peraturesafteraboutllOhours?mnningtime is probably the result 
of a stabilizatiouinthe amount of scale formed in this regionof 
the cylinder. 

The datapresented inall the other figures arenotcorrected 
far the effect of engine mumIng time so that temperatures obtained 
for exactly the ssme operating condition but at different ruming 
times may be slightly different. The temperature vsxiations pre- 
sented tneaoh figurewerenot~eat~influenceabye~ne~ng 
time, beoause all runs of a series were run off In a relatively 
short interval cd? engine running time. 

Coolant-Flow Distribution 

The coolant-flow dis~ibution in the cylinder banks is pre- 
seated in figure 25 on the basis of the percentage of the total 
ooolantflowto the engine. The percentage flow distribution was 
the sameforflows cfl44gallonsperminute and 255 gallons per 
minute. As a result,~ohanges in the total. ooolant flow to the 
eqgine *ll cause propmtional changes in the coolant flow wer 
eaoh cylinder head and barrel. Cnly the vaxIations in the total 
molantflowto the engine will thereforebe considered.inthe 
followtug dlscusslons of the effects of coolant flow on cooling. 
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EL%& of Coolant Variablee on Average CyliU-Eead Teqeratures 

between E&met Valves 

The effects of the coolant varisbles investigated on the 
avemget cyinaer-head temperaturebetweenthe eAmustval.vesare 
shorn in figure8 26 to 31. Zach variable rather than eaoh figure 
will be dlsoussed Individually, because the effects of aertaLn 
variablesareilluskatedinmre thanoneffgure. 

cooLsnt cauposition. - A ccmparfeon of the avew cylinder- 
head 45eqpemture between the erhaust valvee fcrr coolant mixtures 
varying in acqpositdou frcnnlOC-pexcentwater to 97-peroent ethyl- 
em &ooland 3-pementvater, ispresentedlnfigme26fortuo 
em@nepowemco&Ltionsaudaraugecbcoolantflows. Thesedata 
were obtained for constantaverage coolant temperature andnon- 
boiling coolant oanditlous. The boiling air nonboiling ccmditim 
of the ooolantwasdetemlned by observation of the coolant in the 
eight glaeeee. !5e change in the average oyllnder-head tempera- 
ture obtalnedby c-the ooo~toaapoeiti~wae the 8ame at 
bothen&+power ccu&tWnsandwas essentially indepeudentof 
coolant flow for all ohanges in ooolant ccmpositlan except when- 
the coola.ntCampo8iticulw?Ls Ch8Il@ to orfl?cm 97.percfmtethylene 
glycol and S-percent water. Inthlscasethe&an6einheadtam- 
peraturels~teratthe lowflows. For 8l.l. coxlitions, an 
lxmreaseinthe ethylene-&oolcoucentxationof the ooolant 
result& In au ticrmse in the average cylinder-head temgerature. 
A mmparison of? the avexage~ cylinder-head teqperatures obtained 
when using lOO=percemt water as the aoolant wdth those obtained 
when wing 97-peroent ethylene glycol an8 3-percent water Shows 
difference8 of about 60° F at a coolant flow of 300 galkm per 
minute,sndabout90°Fata coolantflwof 50 gallons per minute. 

Theaverage cylirdar-head wtures between the exhaust 
valvesfor ~everalcoolantmix~eeare shouninfigures 27 slla 28 
forran@ af cool&ntflowaten#nepowers of1OOOand18OObrake 
horeegower, respectively. llmeedatawere obtainedfarccmstant 
aoolant-outlet temperatures, ti are presented for nonboiling and 
boiling soolant uonditions. Therelative effect of coolantcaa- 
poslticm obtained at thee two power comdltions are eimllar to 
and at the 8ame osder & nK%&tUbe aS those noted for figure 26 
even though the coolant boiled under certain conditions of ooolant 
flow, temperature, andIxrg8sure. 

Coola&flow. - The variation c@ the a- cylinder-head 
termgemrtursbetPreentheerhauetralveswlthcoolantflowfor 
ooaetantaperagecoolantteslBeratureazYdnonbol.llngooolant 
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conditions is illustzated in figure 26. For all coolant~mixtures, 
the average cylinder-head temperature increased as the coolant flow 
was decreased. A decrease in coolant flow from 300 to 50 gallons 
per minute resulted in a nrsxrl increase in the average cylinder- 
head temperature amounting to approrimately 70° B when using the 
coolant conk~ining 97-percent ethylene glycol and an increase of 
approximately 38O F when using any one of the other coolants inves- 
tigated. Fen. these conditions the effect of coolant flow is nearly 
independent of engine power. 

I 

Inspection of figure 27 indicates that for constant coolant- 
outlet temperature and nonboiling coolant conditions, the kcrease 
in average cylinder-head temgperature with decreasing coolant flow 
is similar but slightly less than that shown in figure 26 for 
constant average coolant temperature. 2his smaller increase in 
cylinder-head temperature is lsrgely the result of the decrease in 
average coolant merature accompanying the decreased coolant 
flow. This decrease in average coolant temperature when the 
coolant-outlet temperature is held constant amounted to about 6' F 
for a decrease in coolant flow-from 250 to 100 gallons per minute 
and resulted from the constancy of the coolant heat rejection with 
changes in coolant flow. 

The data presented in figure 28 for two coolant-outlet tem- 
peratures and for both nonboiling ti boiling coolant conditions 
indicate that the rate of increase of the cylinder-head tempera- 
ture with coolant flow is appreciably affected by the coolant tem- 
perature and pressure. A decrease in coolant flow from 300 to 
60 gallana per minute resulted in increases in the average cylinder- 
head temperature from about 8O to 30° F depending upon the coolant 
operating conditions. 

During these tests, three different modes of heat transfer 
were encountered and. the existence of a psrticular mode was 
dependent upon the combination of coolant tqerature, flow, and 
pressure. The first mode was characterized by the absence of 
boiling of the coolant and by a relatively large increase in the 
average cylinder-head termperature with a reduction in coolant flow. 
This mode is exemplified by the high-pressure and the high coolsnt- 
flow data presented in figure 28 for the coolant mixture of 
30-percent ethylene glycol and 70-percent water at a constant 
coolant-outlet temperature of 250' F and also by all of the data 
presented in figures 26 and 27. 

The second mcde was chsracterized by the presence of moderate 
amounts ofboilingasindicatedbythe passage of vap~ through 

. the vent-line sight glasses and by a relatively small increase in 
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the average cylinder-head Wnperatures between the exhaust valves 
with reduction in coolant flow. These phenauena are illustrated in 
figure 28 by all the data for both coolants at a cooltmt-outlet 
temperature of 275OF andby the data for the coolant mixture of 
30-percent ethylene glycol and 70-percent water at a coolant-outlet 
pressure of 25 pounds per square inch gage and a coolant-outlet 
temperature of 250'F for coolant flows less than120 gslzona per 
minute. In these ranges of operation, boiling of the coolent 
evidently suppressed the nomal tendency of the cylinder-head 
temperatures to increaseas the coolantflowwas decreased. The 
decrease in the average coolant temperature of about l5O F with 
decreased coolant flow fraan about 120to 50 @lous per minute also 
conlzlbuted to the suppressiou of the normal tendency of the 
cylinder-head temperature to increase as the flow was decreased. 

The third mode was marked by the presence of large amounts of 
boiling and by a rapid increase in cylinder-head temperatures with 
a reduction in coolant flow. This effect is shown by the curves 
infigure 28for the coolantmixtme of 30-percent ethylene glycol 
and 700percent water at a coolant-outlet ten!prature of 250° F and 
a coolant-outlet pressure of15 pounds per square inch gage. The 
differencebetweenthe secondand thirdmodesls similar to the 
differ~cebetweennuclearandfilm-typeboilingphenansna. wherein 
transftion f&an nuclear to film-type boiu results in decreased 
heat transfer because of the insulating qualities of the vapor 
film formed. Beside8 being dependent upon the conMnation of 
co&ant-0utletpressureamI teanperature conditions, therauge of 
flow wherein each of the foregoing effects predcminate would also 
be expected to be dependent upon coolant composition eland engine 
power level. 

The different modes of heat transfer are furl&m Illustrated 
in figure 29 wherein the effects of coolant flow on the cyllnder- 
head temperature between the exhaustvalvesislllustratedfor 
coustant average coolant temperature and for both ncmboiling and 
boiling coolant ocmditions. Jkktaarepreeentedfora coolant 
mixture of 30-percent ethylene &co1 and 70-percent water and 
for two combimation8 af coolanttemtperatureand coolant-outlet 
pXYBSSUZ%. The variation of both the average and the mximum 
(hOtte8t) cylinder-head tsmperature are shown and the result8 are 
similar in each case. For both average coolant temperatures pre- 
sented, the increase in the cylinder-head temperature for a 
decrease in coolant flow from about 220 to 120 &lons per minute 
was of the same order ofmagnitudeas that 8howninfigures 26 
ti 27 for nonboiling ooolant conditions. Further reduction of 
the ooolantflowfrosn120 toll0 gallonspermfnute resulted ina 

PO a) w 
. 
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slight decrsaee in cylinder-head temperature, which is attributed 
to a sndd8n transition in the mechanism of heat lmmsfer from 
modeltomode2. (This transitiou wasmore wadual anddidnot 
result in a decrease 3.n cylinder-head teaaperature for the case 
where the coolant-outlet temperature was held constant (fig. 28), 
probablybecause of the att8ndantdecreas8 inaverage cwlant tam- 
peZ?atImeWitihCwLaptfloW.) Further decrease in the CoolantfloW 
reStit& in a more napid rise in cylinder-head t8n&erature than was 
obtainedatthe high coolant flows. This rapid rise was probably 
the result of another kansltion in the mecha~Jem of heat transfer 
frcxa1node2 tomode3. 

To recapitulate, the data presented in figures 26 to 29 indi- 
cate that, iP~n~, foranylargederreaseincwlantflow(st 
least 100 &/min) the average cylinder-head -mature between 
the ezhattst valves increased the greatest amount when the average 
coolant taqeratiur8 was held cwstant and there was no apwent 
boiling of the coolant; it Increased the smaUest amount when the 
coolant-outlettmperaturewas held constantand therewasmderate 
boiling of the coolant. !&e greatest rate of increase in cylinder- 
head temp8rature with decrease in coolant flow occurred at low 
coolant flows and low outlet pressures when boiling of the coolant 
was severe and luge amounts of insulating vapor were formed. 

Average wolanttempersture. - The 8ff8Ct & EveX'am OW~t 
temperature on the average cylind8r-h8ad temperature between the 
exhaust va3ves for coolant mixtures of 3O- and 970percent ethylene 
glycol in water Is shoua in figure 30. Fw both of these cwlants 
andfar the rang8 of enginepouempresented, the increase of the 
average cylinder-head temperature with average coolant temperature 
wasl~and amounted to approxLmst8l.y 85' F for an increase in 
average coolant temperature oflCC°F. 

Coolant-outlet pressure. - The vsziatim of the cylinder-head 
tempe~ture betweeP the exhaust valves with coo&?mt-outlet pressure 
ie dnwninfigure 31 foranenginepower of16OObra.kehors8power, 
a ooo.~antmixture of 30-percent ethylene glscol and 70-percent 
water, and an average coolant temperature of 226O F. Both the 
average and nmxima t3~liader-hSZidhlQtWtL~S~~8S~ted Et 
coolant flows of 60 and 200 gallons per zI.nute. At the high cwl- 
ant flow, the rate of reduction of the cylinder-head temperatures 
ti~decreased owlantpressurem.snnif'ormwer the entirerange 
of pressures cwered (fig.31(b)), which indioates a gradual 
increase in theboilingof the ooolant. Atthelowcwlantflow, 
therate of reductionof the cylinder-head temperatureswith 
ooolant-outlet pressure increased a8 the outlet pressure was 
decreased frm 45 to 25 pounds per squaze inch gage (fig. 31(a)). 
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Furtherreductionof the cwlant~essureresulted -aleveling 
off and then au increase in the maximum cylinder-head temperature. 
This leveling off emd increase is attzibuted to 8 kansition from 
nucl8ar to film-type boiling such 8s occurred under certain con- 
ditionswh8nthe coolantflowwas reduced. For the entire rang8 of 
coolant pr888ur86, the cylinder-head temperatures varied less than 
21' F. Effects of coolant-outlet pressure on the cylinder-head 
temPeX'atUr8, similar to those just discussed, are also shown in 
figure 28. 

During operation in the boiling raq38, severe boiling (film 
type) with a consequent rise in cylinder-head tmqperature may be 
encountered whenr8duclng 8ith8J? th8 cwlantflow or the coolast 
pressure. Although cylinder-head t8mperatur88 that are cmsidered 
excessive were not obtained in the present investigation, it is 
1ik81y that further reductim of either Coolant flow CZ pr8SSW8 
below the lowest values investigated would result in cylindevr femr- 
peratures thatare considemdunsafe. 

Rffect of I&gine Variables on Eeat Rejection to Coolant 

Eeat balsnce. - The heat balance between the.cwlant and the 
coolant cwling water is presented in figure 32. Fair agreement 
is 8889 to exist between the results ae th8 two methods of Cal- 
culating the heat rejection. Intheregimofhighcwlantheat 
rejectioqmost of the data fall above the match line, which indi- 
cates that, in general, a lower value of heat rejection was 
obtained when calculated on the coolant beLais. This lower value 
of heat rejection is largely due to the fact that on the coolant 
basis the heat of vaporization would not be included for runs 
during which the coolant boiled. 

Chargeflowandenginepower. - The variation of the coolant 
heat rejection with charge flow fo&two values of fuel-air ratio 
obtained when the engine speed was held ccmstant and the manifold 
pressure was varied is shown in figure 33(a). For both fuel-air 
ratios, the heat rejection to the coolant increased linearly with 
charge flow; the increase amouut8d to approximately 72 Btu per 
second for an increase of 1 pound per second in charge flow. 

The variatiou of the heat rejection to the coolant tith charge 
flow when the manifold pressure was held constant snd the engine 
speed was varied is presented in figure 33(b). The heat rejeotion 
increas8d mm8 rapidly with ChECPg8 flow for the vctriable-8ngirm- 
speed data than for the variable-manifold-pressure data illustrated 
in figure 33(a). This more rapid increase is attributed largely 
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to the increase in inlet-manifold temperature with engine speed 
(discussed in connection tith the effect of charge flow and also . 
engine speed on the average cylinder-h8ad Wmperature) and may also 
be due in part to an increase in the cylinder-vail friction with 
engdne speed. 

Carburetor-air temperature. - The variation of the coolant 
heat r8j8Ction with carburetor-air teIEpeY?atUre IS presented in 
figure 34 far tw values of charge flow. Straight-line curves, 
similar to those for the corresponding cylinder-h8ad temperature 
variation, were found to fit the data. The increase in the coolant 
heat rejection for an increase of 100° F in carburetor-air tem- 
perature amounted to about 15 Btu per second for both values of 
charge flow. 

Engine speed. - The variation of the heat rej.ectian to the 
coolant with engine speed is presented in figure 35 for several 
engine op8rating cmditions and charge flows. For the engine 
operating conditions presented, the coolant heat rejection 
increased linearly with engine speed, approxinmt8l.y 25 Btu per 
second for an increase in engine speed of loo0 rpm. As previously 
mention8d, this effect of engine speed on the coolant heat rejec- 
tion is largely the result of an increase in inlet &fold tern- 
peraturewi~enginespeedandmay~8obedueinparttoan 
inores In the cylinder-wall friction with engine speed. 

hel4dr ratio. - The effect of f'uel-air ratio on the heat 
rejection to the coolant is presented in figure 36 for two engine 
power co.uditicals. Asforthe correspondingcylind8r&eadtem- 
p8rature variation (fig. 21), th8 shapes of the curves for the 
twopowercondItionsaresimilartitha maximum heat rejection 
occurring at a fuel-air ratI of 0.067. For an increase in fuel- 
air ratio from 0.067 to 0.118, the heat rejection to the coolant 
deoreasedapproxin&8ly 100 BtUper second. 

Ignition timing - The relation between the heat rejectTon 
tothe cooZlantandi&itIontimingfortwovalu8sof engine speed 
is shown in figure 37. A min4nnnn point, similar to that for the 
cyllzuaer-head temiperature (fig. 22) occurred at an exhaust spark- 
plug timing of about 30' B.T.C. fw an engine speed of 2600 rpm 
and about 34' B.T.C. for an engine speed of 3CCC qm. !l%e maximum 
change in the coolant heat rejection occurred at an engine speed 
of 3COOrpmandamount8dtoanticrease ofabout35Btuper second 
fcrranadvance inthe exhaust spark-plugtimingfromtheminimum 
point (34~~ B.T.C.) to 52O B.T.C. 
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ZMxmst pressure. - Th8 8ff8Ct of eXhaUSt preSeUr8 Oil the heat 
rejectionto the coolantis shown in figure 38. me curves are 
simile to those of figure 23 wherein the Variation of the average 
cylinder-head tmp8rature with 8XhaUSt pressure is pLC88ented. 9338 
relation between the coolant heat rejection and the exhaust pres- 
sure when the charge flow was held constant by varying the m&fold 
pressure is presented in figure 38(a) for SBveti fuel-air ratio 
and power conditions. Far eachconditioqthe increase inthe heat 
rejection with exhaust pressure Is linear and is slightly greater 
at the lowest fuel-air ratio. For en increase in exhaust pressure 
of 40 inches of mercury, the increase in coolant heat rejection 
raged from 37 Btu per second for a fuel-air ratio of 0.100 to 
58 Btu per second for a fuel-air ratio of 0.063. 

The variation of the owlant heat rejection shown in fig- 
ure 38(b) for constant manifold pressure aud Variable charge flow 
was negligible w8r the entire range of exhaust pressures inv88- 
tigated. This effect is due to the fact that the previously deter- 
mined effect of the increased exhaust pressure was offset by the 
effect of the aCCmiUg decreased Cbasg8 flow. 

Variation of the heat rejection with engine runuing tIme. - 
No measurable charge occurred In the heat rejectMu to the coolaut 
wlthenginerunningtime. 

Z'fect of Coolant Variables on Coolant Heat Rejection 

The Variation of the coolant heat rejection with the different 
coolant variables imrestigated is presented in figures 39 to 41. 
As for the plots of the cylinder-head t~ratures, the effects of 
i3we variables are illustrated in mme than one figure and there- 
fore eachvariable rather thsn each figure will be individually 
dlsCUssed. 

coolant composition. - The effect of coolant flow on the heat 
rejected to th8 CO&ant for CoOtit miXtUI?es Varying ifi CrXIQOSi- 
tion from loo-percent water to 97.percent ethylene glycol and 
J-percent water is shown in figure 39. These data were obtained 
for conetant average coolant temperatures and eesentially non- 
boiling 'coolant conditions. For all conditions investigated, an 
increase in the ethylene-glycol concentration of the coolant 
resulted in a decrease in the coolant heat rejection; this decrease 
was 8ss8ntiallyind8pwdent of coolant flow. For a change in cool- 
ant coqosition from LOO-percent water to 97.percent ethylene 
glycol and J-percent water, the decrease in coolant heat rejection 
was about 22 Btu per seccmd. 
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me heat rejectitm to the coolant at an 8ngine povmr of 
1800braketharsep~rwhenuaingcwlantmirtures of 30.and 
500percent ethylene Blycol. in water Is resented in figure 40 far 
8 rang8 of coolant flows at two coolant-outlet teqeratures. For 
these conditions, during which there was considerable boiling of 
the cwlantformostofthe runs, the difference betweenthe 
cwlanthsatrejections forthetwo cwlantsisapproxlmat8lythe 
same as for the case where there was no boiling of the coolant 
(fig. 39). The scatter of the data,howaver, is @eater than 
that for figure 39, probably because of difficulties in accurately 
measuring the heat rejectiw under boiling conditions. 

coolant flow. - 'she VRZiati.On of the COO&s& heat rejeCtiOXL 
with coolant flow shown in figure 39, for ccnstaut average coolant 
temperature and nonboiling coolant conditions, was essentially 
independent of coolant composition. For a reduction in coolant 
flow frcrm 300 to 50 gallons per tinute, the coolant heat rejection 
decreased approximately 25 Btu per second. 

At constant coolant-outlet teqezature and for both boiling 
and nonboiling coolant conditions (fig. 40) the decrease in cool- 
ant heat rejection with decreased coolant flow was less thsn half 
that shown in figure 39 for the entire range of coolant flows 
investigated. This smiler decrease is probably the result of 
both an increase in the intensity of boiling and a deCrea68 in 
the average coolant temperature, which acaoqanied the decrease 
in coolant flow for these conditions. Thus, as for the cylinder- 
head temperatures, the effect of coolant flow on the cwlanthest 
rejection is depeudent upon boiling or nonboiling coolant wndi- 
ticms and whether the average or outlet coolant temperature is 
held constast. 

Coolant temperature. - The variation of the coolant heat 
rejection with average coolant temrperature for coolant mixtur88 
of 30. and 97.percent ethylene glycol in water for a ramge of 
powers from785 to145Obrake horsepaweris shominfigure 41. 
For the rang8 of conditions Investigated, en increase in the 
average coolant temperature resulted in a linear d8Crea6e in the 
coolant heat rejection of approximtely 50 Btu per second per 
10C" F increase in cools& tefqperature. 

Coolant pressure. - The ooolant heat rejection data plotted 
againstcwlantflowinflgure 4Cwere obtainedfor smeral 
cdanisoutlet pressures a& axe keyed accordingly. I?o siguifi- 
cant trends or effects of the coolant-outlet pressure on the 
coolant heat rejection are evident for the range of conditions 
investigated. 
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Fram an investigation of the cooling charact8ristics of a 
multicylinder, liquid-cooled aircraft engine of 1710-cubic-inch 
displacement w8r wide ranges of engine and coolant condIticms, 
the fol&wing results were obtained: 

1. Both the cylinder-head teanperature between the etiust 
val.ves and the coolant heat rejection increased with the following 
variables: 

(a) Linearly with charge flow (air plus fuel); the increase 
amounted to about 50° F and 72 Btu p8r second, respectively, 
foranincrease inchargeflowof1poundpersecond. 

(b)Linearlywithcarburetm-air kmrperature; theincmase 
amounted to about.3O F and 15 Btu per second, respectively, 
for 100° F increase in air tmnperature. 

(c) Linearly with engin speed when the charge flow was held 
constmrt (a result of an attendant incmase in the manifold 
temperature r8sultingfrcmanincreas8in thetemprerature 
rise across the supercharger with engine speed); the 
increase amounted to &bout 8O F 8zxl 25 Btu per second, 
respectively, for an inor8ase in engine Sp38a of 1000 rpm. 

(d) As the fuel-air mixture was leaned to a fuel-air ratio 
.ofabout 0.067 and thendeoreas8dtithfurtherl8aning. A 
dearease in fuel-air ratio f&m 0.118 to 0.067 resulted in 
increases of 65' F and 100 Btu per secmcl, respectively. 

(e) As the ignition timing was either increased OT decreased 
froanaparticularvalue for each engine speed. Themxlmum 
rate of increase wcurredatanengdne speed of 3OOOrpm 
and amounted to about 20° F and 35 Btu per second, respec- 
tively, for an advance in the exhaust spark-plug timing 
fwmthe mtnimum point (34O B.T.C.) to 52' B.T.C. 

(f) Lin8ar~tith8xhaustpr8ssurewhenth8 charge flowwas 
held oonstant (variable mnifold pressure); for an incmase 
in ezhaustpressU??e of 40 inches ofm??cUryth8 incr&%88 
mnged from 23O F and 37 Btu ger second, tiespectively, at a 
fuel-sir ratio of 0.100 to 32 F and 58 Btu per second, 
r8speotively, at a fuel-air ratio of 0.063. mere was 
no SignifiCRhOhRngt3 tieitherhesd t8~~erat~r8 or coolant 
heat rejection when the manifold pressure was held constant 
(variable charge flow). 
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2. !l!he cylinder-head tmrperature between the exhaust valves 
increased and the coolant heat rejection decreased: 

(a~~wthncreas8 in the ethylene glycol COnC~htiOn af 
. For a chmge in coolant composition frcm 

lOO-percent water to 97-percent ethylene glywl and S-percent 
water, the cylinder-head tqperature inmessed about 600 F 
at a coolant flow of 300 gallons per minute end about 90° F 
at 50 gallous per minute, and the coolant heat rejection 
decreased about 22 Btu per second for all coolant flows. 

(b) With a decrease in coolant flow; the magnitude of the 
Change depended upon Whether or not the coolast boiled and 
whether the average or outlet coolant temperature was held 
consteult. For a d8Crt34368 in coolant flow from 300 to 
50 gallon81 per minute a m increase in the cylinder- 
head temzperature of about 70° F and a lnaxem~m a8CrW38 in 
the coolant heat rejectian of about 25 Btu per sewnd 
occurred for constant avv coolant temperature and non- 
boiling coolant conditions when usfng a coolant co~~!$osed 
of 97-percent ethylene &co1 and 3-percent water. 

(c) Linearly with an increase in average coolant tqerature; 
the change amounted to about 65O F and 50 Btu per second, 
respectively, for au increase of 100° F in coolant temperature. 

3. A linear relation existed among the average temperatures 
for each location in all of the 12 cylinders and also between the 
msxTmman.daverage tzqemtuxefor eachlocation. 

4. The variation of the oylinder-head kmqperature with coolant- 
outletpressure dependeduponthemde of heatkansfer. Far the 
entire rang8 of pressures tested, the madmum change in head tam- 
perature with coolant pressure was less than 21'F. 

5. The temperature in the cylinder head between the exhaust 
valves increased about 20° F for an increase in engine operating 
time fran20tol50 hours. This increase is attributed to a 
progr8ssive scale buildup on the coolant passages in the exhaust 
side of the cylinder head. 

6. No significsnt variation of the cools& heat rejection 
witheither coolantpressure or engineruuningtime couldbe 
a8&&3d. 

Flight PropulsionResearch Iaboratory, 
National Advisory Cammittee for Aeronautics, 

Cleveland, Ohio, Decaiber 29, 1947. 
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TABLE I - SUMMARY 

Variable OP Engine fng~e Manifold char 8 
%l 

Fuel-air Carbu- 
type of test 

72; 
preeeure (alr + el) ratio retor- 

Ignition 

(rpnnl 'ii& 
timing 

T 
flOW air 

. (lb/sea) temper- 
(dog B.T.C. 

ature 
(OF) 

Exhaust Intfk 
Engine power 400-LlSQ 2600 2448 1.03-2.47 0 080 

1095 
60 34 28 

or aharge 275-1260 2600 21-64 .84-2.76 
ilor 490-1500 

02l3-1860 Ei 
26-58 1.38-3.53 1E :a E 
41-73 2.35-4.40 

:K 
-5 

8600 Q40 2000-3200 
2: 

1.70-2.18 .080 
:so 

:: 
28 

75C- 873 1800-3200 1.54-2.14 .095 34 4300 630 1400-3200 .88-1.60 .095 86 g 
3700 640 1200-3200 

:o" 
.93-1.67 .080 60 

2 
28 

engine epeed 6620 825 2300-3200 32-36 1.72 0.080 28 
6470 812 2300-3200 34-40 1.72 *OS0 

It:, 2 
28 

662, 068 2000-3200 3+40 1.76 .095 
646- 742 eoOO-3200 3140 1.58 .095 

1:: z 28 
28 

Fuel-all! 7400 790 2600 1.76 0.064-0.116 34 28 

ratio 731. 837 2600 

34% 

1.84 .062- .lOQ 

16ii 

34 760. 950 So00 39-41 2.20 .064- .118 26 34 E 
Ignition 577. 656 EBOO 30 1.53 0.095 40 14-54 8-48 
t-h 7800 922 3000 40 2.19 .095 19 16-52 lo-46 
Carburetor- 786- 794 2600 34-36 1.83 0.096 80-184 34 28 
air temper- 5550 590 2600 27-30 1.39 .090 -20-170 34 28 
atures 65% 675 2600 30-34 1.58 .095 .-27-144 34 28 

798- 846 3000 36-40 2.04 .095 43-146 34 28 

lhrhaus t 4%?- 88% 2600 1.36-1.92 0.085 32 34 28 
preaaure 2% tb2 EE 

283:5 
1.43 .063 24 34 28 

3040 1.60 .lOO 4 
6200 726 2600 3042 1.59 .085 39 2 E-g 
9440 994 3000 40-47 2.28 .085 34 28 
6920 682 3000 3041 1.66 .085 

;", 
34 28 

Ct¶olant 1000 2600 44 2.21 0.092 PondI tions 1000 2600 44 2.21 .093 ii"0 3344 ii 
1800 3200 70 4.19 .095 0 34 28 
1800 3200 70 4.10 .095 0 34 28 

1800 3200 70 4.19 .095 1800 3200 70 4.19 .096 Ei 34 :: 
780,116O 2600,300O 36.50 1.78.2.71 .095 :t 
780,116O 2600,300o 36.50 1.78,2.71 .095 

E 
:t 

:: 

780,116O 2600,300O 36,50 1.78,2.71 .095 780,lMO 2600.3000 36.50 1.78.2.71 ,095 8 34 E80 
780,116O 2600,3000 36.50 1.78,2.7x .095 83 34 28 

82 2600 2600 36 
7": 

1.80 1.84 .095 .095 83 84 E :: 
la00 3200 4.19 .095 34 

100y;54 3000 42,61,60 2.39,2.94, 3.40 .095 5: 34 E 
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Figure I. - Plan view of engine setup. 
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Figure 2. - Diagrammatic sketch of coolant and oi I systems. 
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Figure 3. - lnstal latlon df cyl inder-head thermocouples 
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Pressure 

Figure 4. - Installation of exhaust-valve-guide thermocouple on engine 
and method of bringing out cylinder-barrel thermocouple leads. 
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Figure 5. - installation of thermocouples on exhaust side of barrel 
(Photograph by General Motors Corporation Al I ison Division. 1 
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Figure 6. - Pressure-tap lnstallatlon across orifice in cylinder jacket. 
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Figure 7. - Installation of pressure taps on engine. 
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Figure 8. - Relation between average and maxlmm temperature8 of cylinder head 

between exhaust valves. 

. 



38 - NACA TN No. 1606 

440 

IF 420 
. 

t 

z 380 

360 I I I I I I I 

260 

I I 

I I 
I I I I 

Average cylinder-head temperature between exhaust valves, OF 

Figure 9. - Relation between average cylinder-head temperature between exhauet 
valves and average oylinder-head temperature between intake valves. 
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Figure 10. - Relation between average oglinder-head temperature between exhaust 
valves end average cylinder-head temperature at exhaust spark-plug boas. 
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Ffgure 11. - Relation between average cylinder-head temperature between 
exhaust valves and average exhaust spark-plug-gasket temperature. 

340 
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Average cylinder-head temperature between exhaust 
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Figure 12. - Relation between average cylinder-head temperature between 
exhaust valves and average intake spark-plug-gasket temperature. 
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Figure 13. - Relation between av8ra e c lindsr-head 

exhaust valves and average 
temperature between 

e &ausX -valve-guide tempmature. 
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Figure 14. - 
valyes, OF 

Relation between average oylinder-head temperature between 
exhaust valves and average cylinder-barrel temperature (middle, exhaust 
side). 
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valves, OF 

Figure 15. - Relation between average cylinder-head temperature betweer 
exhaust valves and average cylinder-barrel temperature (top, intake 
side). 
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Average cylinder-head temperature between exhaust- 

valves, OF 
Figure 16. - Relation betweeil average cylfnder-head tgmperature between 

exhaust valves and average cylinder-barrel temperature (top, exhaust 
slde). 
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Figure 17. - Effect of charge flow on average ayllnder-head temperature between exhaust valves. 

Coolant, 30-70 ethylene glyool-water; 
to 300 gallons per minute; 

average ooolant temperature, 2450 F; ooolant flor, 250 . 

gag* l 

engine coolant-outlet pressure, 13 to 35 pounds per equare inch 
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Fie;ure 18. - Variation of engine power with charge flow. 

average aoolant temperature, 246O F; coolant flow, 
Coolant, 30-70 ethylene glgaol-water; 

250 to 300 gallons per minute; engine 
coolant-outlet pressure, 13 to 35 pounds per square inoh gage. 
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Figure 21. - Effect of fuel-air ratio on average cylinder-head temperature 
between exhaust valves. Coolant, 30-70 ethylene glgcol-water; average 
coolant temperature, 2450 F; coolant flow, 220 to 270 gallons per 
minute; engine coolant-outlet pressure, 27 to 35 pounds per square 
inch gage. 

Exhaust 6 14 1": 30 :2" 46 54 
Intake 0 8 24 40 48 

Ignition timing, deg B.T.C. 
Five 22. - Effect of ignition timing on cylinder-head tanperature 

between exhaust valves. Fuel-air ratio, 0.095; coolant, 30-70 eth lsnc 
glycol-water; average coolant temperature, 2450 F; coolant flow, 380 
gallons per minute; engine coolant-outlet pressure, 35 pounds per 
squara inch gage ; engine De 
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(a) Constant charge flow with variable manifold pressure. 
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Exhaust prssaure, In. Hg absolute 

(b) Constant manifold pressure with variable charge flow. 
Engine speed, 2600 rpm; manffold pressure, 35 inches 
mercury absolute; charge flow, 1.36 to 1.92 pounds 
per second; fuel-air ratio 
temperature, 320 F. 

, 0.085; carburetor-sir 

Figure 23. - Effeot of exhaust pressure on average cylinder-head 
temperature between exhaust valves. 
water ; 

Coolant) 30-70 ethylene glgcol- 
average coolant temperature, 245O F; coolant flow, 250 gallons 

per minute; engine coolant-outlet pressure, 35 pounds per square 
Inch gage; engine D. 
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Figure 24. - Variation of average cylinder-head temperatures with engine running time. &gin9 

speed, 2600 rpm; manifold pressure, 32 inches mercury absolute; charge flow, 1.67 pounds 
per second; fuel-air ratio, 0.095; carburetor-air tanperature, 820 P; coolant, 30-70 
ethylene glgcol-water; coolant flow, 300 gellons per minute; average coolant temperature, 
2450 P; engine coolant-outlet pressure, 35 pounds per square inch gage; engine D. 
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Figure 25. - Coolant-flow distribution in cylinder banks. G 
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(a) Ekngine power, 760 brake horsepower; engine speed, 2600 rpm~ manifold presr.--- 

36 inches mercurg absolute ; charge flow, 1.78 pounds per seaond. 
xare I 
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coolant flow, gal/mln 

(b) Fmglne power, 1160 brake horsepower; engine speed, 3000 rpm; manifold pressure, SO Inches merourg absoluta; charge flow, 2.71 pounds per 
sscond. 

Figure 26. - Eireot of coolant flow on average aglinder-head teqperature between exhaust 
valves for constant averam coolant temwrature and nonbollina ooulent condit-I--- =**k 
various ethylene glycol-water mixtures.- Fuel-air ratio, 

-a.".*" ..A ".I 

ture, 83O F; average coolant temperature, 
0.09s; carburetor-air tmpera- 

245O F; engine coolant-outlet pressure, 35 
pounds per square Inch gage3 engine D. 
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Figure 27. - Effect of coolant flow cm average cylinder-head tmperature betmen exhaust valves 
for several constant coolant-outlet tmnperaturss and nonboiling coolant oonditions. Fqlne 
power, 1000 brake horsepower; engine speed, 2600 rpn; manifold preaaure, 44 inches mercuq 
absolute; charge flow, 2.21 pounds per seooad; fuel-air ratio, 
temperature, 75O to 80° F; engine A. 

0.092 to 0.093; oarburetor-air 
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(b) Coolant, 30-70 ethylene glycol-Wster. -_. _ -. 
Figure 22, - Effect of coolant flow on avera 8 

between exhaust valves for seve??al COnStEUI f 
cyllnaer-neaa temperature 

coolant-outlet temperatures 
and lor boiling and nonboiling coolant conditions. Engine power, 1800 
brake horsepower; engine speed, 32( 

-a--l 3 -.----__-- "e a--.-_- 30 rpm; tnaniToLa pressure, -IV lncnes 
mercury absolute; charge flow, 4.1! G-pounds per second; fuel-air ratio, 
0.095; carburetor-air temperature, 0" F'; .a--- n enguu U. 
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(a) Average coolant temperature, 223O F; engine coolant- 
outlet pressure, 18 pounde per squW8 $nch gage. 
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Coolant flaw, gal/mln 

(b) AV8rag8 UOOlaXIt temp8ratUr8, 260' F; 8ngin8 coolant- 
outl8t pre88ure, 22 p0~11da per square inoh gage. 

Figure 29. - Effect of ooolant flow on cylinder-head temperature 
b8tW88n 8XhaUst ValV88 for S8V8ral CLVerag8 UOOkUIt t8mp8ratUr8Ei. 
Engine power, 1800,brake horsepower; engine apesd, 32OO.rpm; 
manifold pressure, 70 inches meraury absolute; charge flow, 
4.19 pounds per second; fuel-air ratio, 0.095, oarburetor-air 
temperature, O” F; 00018nt, 30-70 ethylene glyool-water; engine E. 
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Average coolant temperature, OF 
Figure 30. - Effect of average coolant temperature on average cylinder-head temperature 

between exhaust valves. Coolant flow, 190 to 220 gallons per minute; engine coolant- 
outlet pressure, 10 to 35 pounds per square inch gage. 



-54 NACA TN No. 1606 . 

460 

460 

460 

(a) Coolant flow, 60 gallons per minute. . 
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Engine coolant-outlet pressure, lb/sq In, gage 

lb) Coolant flow, 200 gallons per minute. 

Figure 31. - Effect of engine coolant-Outlet pressure on cylinder-head 
temperature between exhaust ValV8s When Using 30-70 ethylene glyCOl- 
water as ooolant at average coolant temperature of 2260 F. Engine 
pow8r, 1600 brake horeepow8r; engine speed, 3200 rpm; manifold 
pressure, 70 inches mercury txhsolute; oharge flow, 4.19 pounds per 
second; fuel-air ratio, 0.095; carburetor-air temperature, 00 F; 
engine E. 
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Figure 32. - Heat balanoe between ooolant and ooolant cooling water. 
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(b) Conatent manifold pressure with variable engine speed. 

Figure 33.' - Effect of ohar 
f 

e flow on heat rejection to coolant. Coolant., 30-70 ethylene 
glgcol-water; average coo ant temperature, 2460 F; coolant rlor. 260 to 300 gallona per 
minute; engine coolant-outlet preeaure, 13 to 3S pounds per square inch gage. 
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Figme 35. - Effect of englne apeed on heat rejection to the coolant. Coolant,90-70 ethylene 
glycol-water; average coolant tan mature, 
engine coolant-outlet preseurs, 3% 

24S" F; coolant flow, 300 gallons per minute; 
pounds per square inch gage; engine D. 
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Figure 36. - Effect of fuel-air ratio on .&at rejection to coolant. 
Coolant, 30-70 ethylene 
245O F; coolant flow, 8 

lgcol-water; average coolant temperature, 
22 to 270 gallons per minute; engine coolant- 

outlet pressure, 27 to 35 pounds per square inch gage. 
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Figure 37. - Effect of ignition timing on heat rejection to coolant. Fuel- . 

air ratio, 0.095' coolant, 30-70 ethylene glycol-water; average coolant 
temperature, 245& F; coolant flow, 300 gallons per minute; engine coolant- 
outlet pressuro, 35 pounds per square inch gage; engine D. 
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Exhaust pressure, in. Hg absolute 

(b) Constant manifold pressure rith variable charge flow: 
Engine speed, 2600 rpm; manifold ressum 35 inches mercury absolute; charge flow, l.gS to 1.62 pounds 
per second; fuel-air ratio, 0.083; carburetor-a<r 
temperature, 320 F. 

Figure 36. - Effect of exhaust pressure on heat rejectton to coolant.. 
Coolant, 30-70 ethylene glycol-water; average coolant temperature, 
2450 F; coolant flow, 250 gallons per minute; engine coolant-outlet 
pressure, 35 pounds per square inch gage; engine D. 



(peroent by volume) 

120 160 
coolant flow, gahin 

Figure 39. - Effeot of coolant flow on heat rejection to coolant. En&no power, 780 brake 
horsepower; engine speed, 2600 FFSI; madfold preasum, 36 inches mercury absolute; oha~gs 
flow, 1.78 ounds per second; fuel-air ratio, 0.096; carburetor-air temperatwo, 890 F; 
average E coo ant tsaperature, 245 
inch gage; en&u~ D. 

o F; engine coolant-outlet pmssure, 35 pounds per square 
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(b) Coolant-outlet temperature, 275O F. 
Figure 40. - Effect of coolant flow on coolsnt heat rejection. Engine 

power, 1800 brake horsepower; engine speed, 3200 rpm3 manifold 
pressure, 70 inches mercury absolute; charge flow, 4.19 pounds per 
second; fuel-air ratio, 0.095; carburetor-air temperature, O" F; 
engine C. 
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Figure 41. - Effect of average coolant temperature on heat rejection to coolant. Coolant 

flow, 190 to 220 gallons per minute; 
square inch gage. 

engine coolant-outlet pressure, 10 to 35 pounds per 


